Two murine hybridoma cell lines (167.465.3 and S3H5/ y2bA2) were adapted to grow in low-serum and serumfree media by a weaning procedure. The changes in cell growth, metabolic, and antibody production rates with adaptation were examined using biochemical and flow cytometric analyses. After adaptation to a particular serum level, the short-term serum response of the cells was experimentally determined. Specific growth rates, glucose and glutamine uptake and lactate and ammonia production rates, and specific antibody production rates were evaluated from the data. For both cell lines, an improvement in cell growth was observed after adaptation, and both higher growth rates and higher cell concentrations were obtained. The specific glucose and glutamine uptake rates and the lactate and ammonia production rates changed insignificantly with adaptation. Conversely, changes in the specific antibody production rate of the two cell lines differed. Cell line 167.4G5.3 showed a loss in antibody productivity at low serum levels, while the S3H5/y2bA2 kept its original productivity in low-serum-containing media. The intracellular antibody content for S3H5/y2bA2 cells remained unaltered by adaptation, but a low antibody containing cell population appeared in the 167.465.3 culture. The loss of specific antibody productivity in this cell line was due to the appearance of this population.
INTRODUCTION
Economic cultivation of mammalian cells in vitro in large-scale bioreactors is hampered by stringent growth requirements, shear sensitivity, and low product expression rates and the consequent difficulty in product separation. In most cases, serum or serum substitutes have to be used to support cell growth. However, the use of serum is undesirable because of its high cost and the complications introduced by the serum proteins for separation of products. Accordingly, several serum-free and protein-free media have been developed. These media have been used successfully for the cultivation of a variety of mammalian Cells are conditioned to grow better in low-serum or serum-free media by an adaptation procedure. '9324 When the cells are maintained in low-serum media for a sufficiently long time, they typically acquire higher growth rates. This process is often called "adaptation," indicating the self-adjustment of the cells to the environment? The number of generations required for adaptation depends on the cell line and on the composition of the Gradual reduction in serum concentration with time increases the probability of successful adaptation to low-serum or serum-free media. Further, successful cultivation of hybridoma cells in low-serum or in serum-free media can be enhanced by adaptation of myeloma cells to low serum prior to fusion.'
At present, the process of adaptation is ill-defined in biochemical terms. However, a number of changes have been observed to take place during adaptation. Improvement in the growth rate is perhaps the most evident change that occurs during adaptation to lowserum-containing media. The improvement in growth rate suggests changes in the cells' response to growthpromoting factors provided by serum. It has been shown, for instance, for human breast cancer cell line , that the number of estrogen receptors changes during the adaptation process.8 Another change that has been observed to take place during adaptation of hybridoma cells is alteration in the specific antibody productivity of the cells.' Scant information is available on the changes that may take place in cellular metabolism during adaptation.
In this article, the effects of adaptation on cell growth, metabolic, and antibody production rates were studied in detail for two hybridoma cell lines in two different media. The cells were first adapted to grow at different serum concentrations (adaptation serum level). Then the adapted cells were grown for a short period of time in different serum concentrations (short-term serum level), and the changes resulting from adaptation were examined. Cell growth, metabolism, and antibody production kinetics were the parameters studied. The effect of adaptation on intracellular DNA and antibody content was investigated by flow cytometric analyses.
MATERIALS AND METHODS

Cell line, Medium, and Culture Maintenance
Murine hybridoma cell line (167.465.3) was provided by Dr. Latham Claflin from the Medical Center at The University of Michigan. The antibody produced by this cell line is an IgG1, directed against phosphorylcho1ine.l' Hybridoma cells were made by fusion of BALB/c spleen cells with the nonsecreting plasmacytoma fusion line P3X63-Ag8.653. Antibody was generated from mice immunized with PC-keyhole limpet henemocyanin (KLH). The second murine hybridoma cell line (S3H5/y2bA2) was provided by Dr. Mark Kaminski from The University of Michigan Medical Center. The antibody produced by this cell line is a y2b isotype and is specific to the anti-idiotype on the surface of 38C13 lymphoma cells." The cells were obtained in the frozen state at an unknown passage number. They were thawed and maintained in 75 cm2 plastic T-flasks (Bellco Glass, Vineland, NJ) using either IMDM (Sigma Chemical, St. Louis, MO) or RPMI-1640 (Sigma). The 167.465.3 cells were kept initially in IMDM with 20% fetal bovine serum (FBS). The S3H5/y2bA2 cells were kept in both IMDM and RPMI-1640 with 5% FBS. The media were supplemented with 100 units/mL potassium penicillin G and 100 pg/mL streptomycin sulfate (Sigma). The cells were kept at 37°C and 5% COZ atmosphere in humidified incubators (VWR Scientific, San Francisco, CA) . The cultures were passed every 2 days with a dilution factor of 1 : 4 with fresh media.
Adaptation of Cells to Low Serum
The 167.4G5.3 cells were adapted to grow at different serum levels for a time period of 6 months. The cells were initially grown in 20% serum containing IMDM. These cells were frozen and saved for later experiments, and we refer to them as 20%-cells. A portion of these cells was then passed for 2 months in IMDM containing 10% serum, and the cells so obtained are designated as 10%-cells. A vial of cells was frozen and the rest of the culture was passed for 2 months in IMDM with 5% serum to give 5%-cells. Similar adaptation led to 2.5%-cells and 1.25%-cells. The 1.25%-cells were also adapted to grow in commercially available serumfree medium. OPTI-MEM (Gibco Laboratories, Grand Island, NY) was used as serum-free medium and OPTIcells were obtained by adaptation of 1.25%-cells in this medium. The cell line S3H5/y2bA2 was originally grown in RPMI and IMDM media with 5% serum.
These cells were adapted to grow in RF'MI and IMDM both containing 1.25% FBS for about 3 months.
Kinetics of Cell Growth, Metabolism, and Antibody Product ion
The cells were propagated in T-flasks until cell viabilities of more than 95% were reached using IMDM or RPMI-1640 media with the serum concentration to which each cell was adapted. The cells were then inoculated into spinner flasks with different serum concentrations. Thus, the physiological response of each adapted cell to a new serum concentration could be investigated. Exponentially grown cells from T-flasks were centrifuged at 1000 rpm (200g) for 10 min. They were then washed with fresh IMDM or RPMI-1640 media containing 1.25% serum and distributed into spinner flasks containing 50 mL of IMDM or RPMI-1640 media at different serum concentrations. Four serum concentrations were used: 1.25%, 2.5%, 5%, and 10%. The spinner flasks were then placed on a stirrer in a humidified C 0 2 incubator at 37°C with 5% C02. The agitation rate in the spinner flasks was set at 100 rpm. Experiments were run in duplicates.
Analytical Methods
A 1-mL sample was taken twice daily. After performing cell counts, the samples were centrifuged and the supernatants were stored at -80°C for subsequent determination of metabolite and monoclonal antibody concentrations. Viable and dead cells in suspension were counted using a hemacytometer. Trypan blue exclusion method was used to differentiate dead cells from viable cells.
Glucose and lactate concentrations were measured using a Model 2000 glucose/L-lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH). Ammonia and glutamine were measured with a gas sensing electrode . I2 Antibodies, IgGl from 167.465.3 cells and IgGzb from S3H5/y2bA2 cells were quantified using an enzyme-linked immunosorbent assay (ELISA). Goat antimouse IgG (Sigma) was used to coat wells of plates at a concentration of 10 pg/mL of PBS overnight at 4°C.
The plates were washed with detergent solution (Triton XlOO in PBS), and BSA (1% in PBS) was applied to the plates for fixation. Aliquots of culture supernatant and purified monoclonal antibodies (MAbs) as standards were then added to the wells [diluted 200 times in 1% bovine serum albumin (BSA) in PBS]. After 45 min incubation at room temperature, plates were washed and alkaline phosphotase-labeled affinity-purified goat antibody against mouse IgGl or IgGZb (Southern Biotechnology Associates, Birmingham, AL) was added to the plates. After 45 min, the plates were washed and alkaline phosphotase substrate was added. The optical den-siry at 4u3 nm 01 each well was recorcled by an JAASA reader (Molecular Devices, Palo Alto, CA).
Flow Cytometry
A Coulter EPICS 751 flow cytometer was used to measure the antibody content of the cells (Coulter Electronics, Hialeah, FL). Forward angle light scatter (FALS) and 90" light scatter (90LS) data was used for the estimation of cell size and cell complexity. Viable cells could be differentiated from the dead cells by the differences in their FALS and 90LS characteristics. Dead cells were gated out from the analysis of cellular composition using a software provided by Coulter. Propidium Iodide (PI) was used for the measurement of DNA content of the cells. Stock solutions of propidium iodide were prepared from powder (Sigma) as 1 mg/mL using phosphate buffer saline (PBS) and stored in 1-mL aliquots at -80°C. Cells were treated with RNase (Sigma) to cleave the RNA. Stock solutions of RNase were prepared in PBS as 1 mg/mL and stored in 1-mL aliquots at -80°C. Cells were stained for total intracellular IgG or IgGzb by Fluorescein isothiocynate conjugated goat antimouse IgG (GAM-FITC from Coulter). The stock concentration of GAM-FITC was 0.02 mg/mL.
Cells were fixed with cold ethanol for analysis of intracellular DNA distribution and IgG content. The cells were fixed as follows: cell samples were spun at lo00 rpm for 5 min and the cell culture media was removed. Cells were then washed with PBS at pH 7.4 and spun down again for 5 min. The cell pellet was resuspended in 70% ethanol, and the suspension was kept at 4°C overnight. For staining, these fixed cells were spun down at lo00 rpm for 5 min and washed with PBS. The cells were then centrifuged for 5 min, and the pellet was suspended in 200 p L GAM-FITC solution. The cells were incubated for 45 min at 4°C. Then the cells were washed with PBS and stained with a mixture of PI and RNase at the concentrations of 20 and 40 pg/mL, respectively. This double staining was carried out at 37°C for 30 min. The cells were finally washed with PBS and run in the flow cytometer.
Kinetic Analysis of Data
Experimental data was smoothed by cubic-spline fit to the data, and the rate parameters were evaluated as a function of time. The initial growth rates were calculated in the exponential phase using transient kinetics:
where XT and X, are the total and viable cells, respectively, t is time, and p is the growth rate.
Glucose consumption and lactate production rates were defined with respect to the viable cell counts and were determined using:
-qGluxv where q and p are their specific (per cell) consumption and production rates. Ammonia and glutamine kinetics were determined by considering both the first order chemical decomposition of glutamine to ammonia and metabolic activity:
The first order decomposition rate constants of glutamine in IMDM supplemented with different serum concentration have been rep~rted.'~ Here we use values of k = 0.0023 h-' for IMDM media and k = 0.0035 h-l for RPMI-1640 media, which correspond to a pH value of 7.2, the mean pH value of cultures in the exponential phase.
The rate parameters calculated from the above models were constant in the exponential phase and decreased later in the stationary and decline phase of the growth. We have described this behavior elsewhere for the kinetic analysis of batch data.13 The rates reported here correspond to the exponential phase of the growth.
Monoclonal antibody production rates were calculated using an integral method: if q A B is constant where MAb is antibody concentration and qAb is the specific production rate, hence obtained from a plot of antibody concentration (MAb) versus time integral of viable cells (JhXv dt). The specific antibody production rate was constant not only in the exponential phase but also in the decline phase of the growth.14 Figure 1 shows the time profiles for concentrations of cell glucose, lactate, glutamine, ammonia, and antibody for 167.4653 5%-cells and 1.25%-cells. The data for 20%-cells and 10%-cells are not shown, since they are qualitatively similar to that shown for 5%-cells exhibiting a significant effect of serum concentration. The behavior of 2.5%-cells and OPTI-cells was qualitatively similar to that of 1.25%-cells showing sharply diminished dependence on serum concentration. Figures 2  and 3 show the response of both initial (5%-) and adapted (1.25%-) S3H5/y2bA2 cells to serum in IMDM and RPMI media, respectively. For all the adapted cells, the new short-term serum concentration influenced their growth rate. Cells at low serum concentration, i.e., 1.25% serum, grew slowly as seen from these figures. Cells utilized both glucose and glutamine, and lactate and ammonia were produced. For all the cultures, glutamine was the limiting nutrient and determined the extent of the growth. Glucose, on the other hand, was not depleted and glucose consumption and lactate production ceased following depletion of glutamine. Antibody was produced throughout the culture, both in growth and decline phases.
RESULTS AND DISCUSSION
We will now analyze the experimental data presented in Figures 1-3 to give quantitative information on cell growth and metabolic and antibody production rates as outlined earlier. The rate parameters that we will present are the exponential phase values as indicated in the Materials and Methods section.
Cell Growth
Cell growth rates were calculated for all the batches, and they are presented in Table I for 167.465.3 and in Figure 4 for S3H5/y2bA2 cells. For a given adapted cell, we obtained a higher growth rate at higher serum concentrations. Maximum viable cells obtained in the batch mode were also serum dependent, and higher cell numbers were obtained at higher serum concentrations. These results are in good agreement with earlier r e p o r t~.~~"~, '~ Cell growth was improved after adaptation to low serum concentration. For a given serum concentration used in batch culture, higher growth rates and higher cell concentrations were obtained for low-serum-adapted cells (Table I) . For instance, the growth in 1.25% serum was only marginal for 20%-, lo%-, and 5%-serum cells. On the other hand, the 2.5%-, 1.25%-and OPTI-cells showed better growth in this serum level as evident from the specific growth rates and the maximum viable cell concentrations (Table I) .
Similar growth rate improvement following adaptation was observed for S3H5/y2bA2 cells (Fig. 4) . In both IMDM and RPMI media, the growth rates of adapted S3H5/y2bA2 cells were consistently higher than the growth rates of original cells for any given serum concentration. Also, in both media and at all serum concentrations, maximum viable cell concentrations for these adapted cells were consistently higher than those obtained for original cells.
The effect of serum on the growth rate can be expressed mathematically by a Monod-type model which considers serum to be the limiting factor. This type of model has been used by a number of investigator^.^^^^^'^^ The exponential growth rates reported in Tables I and  I1 were fitted by s where p is the growth rate, S is the serum concentration, pmax is the maximum growth rate, and K,,, is the Monod constant. The parameters that we obtained are summarized in Table 11 . All growth rates could be described by the above equation with regression coefficients higher than r 2 = 0.095.
As seen from Table 11 , for a given media type and cell line, we obtain relatively constant maximum growth rate pmax. The maximum growth rate seems to be influenced only by the cell type and the media type. On the other hand, the value of K, decreased consistently as the serum level used for adaptation was lowered. This value may be regarded as a measure of serum requirement, and it is lower for the cells adapted to lower serum concentrations. Thus, the serum requirement of the cells is reduced by adaptation. The value of the K , value also indicates the sensitivity of the growth rate to the serum level. The growth of 20%-cells was strongly dependent on the serum concentration, whereas the 1.25%-cells showed lesser sensitivity to the serum concentration.
Cell Metabolism
Uptake rates of glucose and glutamine, as well as production rates of lactate and ammonia, were calculated during the exponential phase of growth. Figure 5 shows The column headings indicate the adaptation serum levels, while the rows correspond to the short-term serum levels. Table 11 . The error bars were calculated from data obtained in duplicate flasks. no statistically significant trend in these metabolic rates with changes in the serum concentration.
OZTURK AND PALSSON: PHYSIOLOGICAL CHANGES DURING ADAPTATION OF HYBRIDOMA CELLS
Comparison of data presented in Figure 5 and Table I11 reveals that the two cell lines used have slight differences in metabolic rates. When both cells were cultured in IMDM, S3H5/y2bA2 cells showed about 20% higher glucose uptake and lactate production rates compared to those of 167.465.3 cells. Glutamine consumption and ammonia production rates were, however, similar. The glucose consumption and lactate production rates for S3H5/y2bA2 cells are lower in RPMI-1640 media as compared to IMDM. Both media had an initial glucose concentration of 4.5 g/L (without serum) while glutamine concentration was lower in RPMI-1640 media (IMDM: 4 mM, RPMI-1640: 2 mM).
Antibody Production
Both short-term serum concentration and adaptation influenced the antibody concentrations obtained (Fig. lD, 2D, and 3D ). The effect of adaptation on antibody production was different for the two cell lines used. As seen from Figure lD , 167.465.3 cells produced less total IgGl after adaptation to low serum. On the other hand, S3H5/y2bA2 cells resulted in higher antibody concentrations after adaptation due to higher growth rates and cell concentrations.
The antibody concentration obtained from cell line 167.4G5.3 showed an interesting response to adaptation. Antibody concentrations increased during adaptation to 5% serum but then decreased sharply (Table IV) . At any serum concentration, the 5%-cells produced slightly more antibody compared to 20%-and 10%-cells due to the higher cell concentrations obtained ( Table I ). The antibody produced by 5%-cells in 1.25% serum was about twice the amount produced by 20%-cells in the same medium. The differences in antibody concentration were less pronounced at high serum levels (i.e., 20% FBS). The 5%-cells produced more antibody compared to 10%-and 20%-cells because of their higher growth rates. The specific antibody production rate for 20%-, lo%-, and 5%-cells was essentially the same ( Table IV) . The 2.5%-, 1.25%, and OPTI-cells produced less antibody although the cell concentrations were higher at a given serum concentration, which was due to decrease in the specific antibody production rates (Table IV) . These cells lost their specific antibody productivities during adaptation. The loss was the highest in 1.25%-cells, followed by 2.5%-cells and OP-TI-cells. This loss of antibody productivity has been studied in detail and the kinetics of loss of antibody productivity during adaptation is described elsewhere.'
Cell line S3H5/y2bA2 showed insignificant change in the specific antibody production rate. Figure 6 shows the plot of antibody concentration against time integral of viable cells for the cells grown in IMDM. Both original (5%-) and adapted (1.25%-) cells were considered in this figure. The slope of the plot of the antibody concentration versus the integral number of viable cells yields specific antibody productivity as described in Materials and Methods. Both 5%-and 1.25%-cells showed similar antibody productivities at all short-term serum concentrations, as all the data points in Figure 6 followed closely the same straight line with q A b = 0.175 k 0.012 pg/cell h. The specific antibody productivities of both original and adapted cells in RPMI media were essentially the same q A b = 0.173 * 0.014 pg/ cell h. The amount of antibody produced in IMDM media was higher than in RPMI media in all the cases because of higher cell concentrations (Fig. 7 ). An unpaired Student T-test indicated that the adapted cells (1.25%-cells) in both media resulted consistently in higher antibody concentrations ( p < 0.05). This result is important for cost-effective antibody production. These parameters are presented for 1.25%-cells (adapted). Numbers in parentheses are the values obtained with the original 5%-cells (before adaptation to 1.25%). The metabolic uptake and production rates are in pmol/1O6 cell h. The experimental errors in these rates were less than 6%, and there are no statistically significant trend in the rate parameters established by the adaptation process. Adaptation to low-serum media results in both higher cell concentrations and higher antibody titers. As seen from Figure 7 , the titer obtained with adapted cells in 1.25% serum is comparable to the titer obtained in 10% serum with nonadapted 5%-cells. The loss of antibody productivity in 167.465.3 cells can be explained by flow cytometric analysis. Figure 8 shows the intracellular antibody concentrations for both 5%-and 1.25%-cells. The 5%-cells that did not lose the antibody productivity had a single population with respect to intracellular antibody content. On the other hand, the 1.25%-cells consisted of two populations. One population had similar intracellular antibody content to that of 5%-cells while the other population had one order of magnitude lower antibody content. The 2.5%-and OPTI-cells also showed two population histograms. Frame et al." and Heath et al.' * also reported similar internal antibody distributions. The kinetics of the loss of antibody productivity has been studied in detail,' and the loss in antibody productivity in these cultures could then be attributed to the presence of the low antibody-containing cells.
The S3H5/y2bA2 cells did not lose their antibody productivity over the same time period of adaptation. The intracellular antibody content of these cells showed single populations for both original and adapted cells.
Effect of Adaptation on lntracellular Composition
Adaptation also did not influence intracellular composition of the cells. Cell size, protein and RNA content, and DNA distribution for both cell lines were not altered by adaptation. In Figure 9 we present the size and DNA distribution of S3H5/y2bA2 cells. The distributions were similar for both original (5%-) and adapted (1.25%-) cells. Further, the adaptation in both IMDM and RPMI media did not change the protein and RNA content of the cells (data not shown). We have reported elsewhere that there are no significant differences among the adapted 167.465.3 cells in terms of cell size, protein and RNA content, and DNA distribution.' Hence it seems that the preservation of physical properties and intracellular composition is common between the two cell lines used, although 167.465.3 cells showed a difference in that they lost their antibody productivity. showed a drop in antibody produciton and exhibited two population whereas cell line S3H5/y2bA2 preserved the productivity and the presence of a single population.
CONCLUSIONS
We have adapted two cell lines to grow at different serum concentrations. Experiments were carried out in two different media (IMDM and RPMI-1640) . Changes in growth rate, cell metabolic, and antibody production rate were determined. For any given adapted cells, we observed that the concentration of serum used influenced the growth rates. The increase in cell growth at high serum concentrations is most likely due to the higher concentrations of serum growth stimulatory factors. However, metabolic uptake rates and yield coefficients were not influenced, and therefore, the cells produce the same amount of metabolic energy. This energy is used for both growth and maintenance. At high serum concentrations, it seems that cells are using the metabolic resources efficiently for growth, while the fraction used for growth decreases at low serum concentrations. The weaker coupling of cellular resources to growth is presumably due to lower concentrations of growth factors.
For a given short-term serum concentration, we observed that the cells adapted to low serum levels grew better. This increase in the growth rate was due to the lower serum requirement following adaptation as depicted by the K, values (Table 111 ). Both cell lines lost their sensitivity to external growth factors after longterm exposure to low serum levels. This loss could be due to (1) increased ability of production of cell-derived growth factors and (2) the decrease of the cell's serum requirements for growth factors after adaptation, possibly because of changes in receptor concentrations in the cell membrane. Briand and Lykkesfeldt' have observed the latter phenomenon for a cancer cell line. More work is needed for testing these hypotheses for hybridoma cells.
We have observed that specific antibody production rate is not affected by the short-term serum concentration, and the lower antibody concentrations obtained at low-serum or serum-free media were due to lesser cell growth. Growth improvement by adaptation can be utilized to obtain higher antibody concentrations under identical conditions. We have observed this for S3H5/ y2bA2 cells. However, the loss of antibody productivity, as illustrated by 167.4G5.3 cells, emphasizes an important limitation to such improvements. Long-term exposure to low-serum or to serum-free media can result in loss of specific antibody productivity.
Flow cytometric data showed that cellular gross macromolecular composition was not altered by adaptation. The adapted cells did not show any physical differences under the microscope and the cell size was about the same. Along with the metabolic data presented above, these measurements suggest that insignificant physical or metabolic changes take place during adapt at ion.
